Correspondence davipepp@uic.edu (D.R.P.), fbezanilla@uchicago.edu (F.B.) In Brief Carvalho-de-Souza et al. show that ligand-conjugated gold nanoparticles robustly attach to neurons and trigger action potentials in response to pulses of light. The mechanism of stimulus involves fast increases in membrane temperature, which change membrane capacitance and induce depolarization.
INTRODUCTION
Selective optical stimulation of specific classes of excitable cells is a major goal in neurobiology. Optical stimulation avoids many of the problems inherent to electrodes, such as invasiveness and lack of specificity, and can thus allow for novel experimental designs. A common method to achieve this optical stimulation is through optogenetics, wherein molecules such as channelrhodopsin are selectively expressed in different cell types; exposure to light opens these channels and causes cell depolarization (Packer et al., 2013; Zhang et al., 2006) . While this technique is undoubtedly powerful, it requires gene transfection to achieve cellular expression of the light-sensitive proteins. As such, it is not currently suitable for use in a variety of systems including human subjects, where gene therapy remains highly experimental (Ginn et al., 2013) .
One potential alternative to optogenetic techniques is the direct optical stimulation of unmodified neurons (Allè gre et al., 1994; Hirase et al., 2002; Lugo et al., 2012) . Direct optical stimulation approaches have included the use of infrared (IR) (Wells et al., 2005) wavelengths, although the mechanism of this effect was not initially understood. Recently, Shapiro and collaborators (Shapiro et al., 2012) showed that for IR wavelengths, laserinduced fast changes in the temperature of the local aqueous medium can heat the cell membrane and produce capacitive currents. Further experimentation and modeling demonstrated that changes in the cells' membrane capacitances were sufficient to produce the observed depolarizing currents and action potentials under physiological conditions. However, while direct heating of bulk solution with IR light is effective, it is an imprecise way to stimulate neurons and may cause off-target effects or cellular damage.
Gold nanorods (AuNRs) have been investigated as a more targeted alternative due to their ability to absorb near-infrared (NIR) light and efficiently convert this energy to heat. This heating effect has a short range, and since NIR light is not strongly absorbed by water, the bulk aqueous media is unaffected. AuNR heating has been used to excite cultured neurons and exposed nerves by depositing the rods in proximity to cell membranes (Eom et al., 2014; Yong et al., 2014) . Spherical gold nanoparticles (AuNPs) with a 20 nm diameter are similar to AuNRs in that they can absorb light and convert this energy to heat (Roper et al., 2007) , but their plasmon absorption band exhibits a peak near 523 nm rather than in the NIR range. The relatively strong absorbance of the 20 nm spherical AuNPs at 523 nm, i.e., at wavelengths typically prominent in indoor as well as daylight ambient illumination, suggests that photothermal neuronal excitation mediated by these AuNPs might have utility for applications such as the restoration of light-induced signaling within the retina of patients with photoreceptor degenerative disease. However, while the short-range heating effect of AuNPs and AuNRs allows for selective heating of a localized environment, it also has a significant drawback: the particles must be extremely close to the cells of interest in order to produce any effect.
Here we report an approach of potentially wide applicability for highly localized AuNP-mediated photostimulation of neurons by conjugating the AuNPs to functional groups that specifically bind to external motifs of neuronal membrane proteins. Similar strategies have previously been used to target nanoparticles to cancer cells to facilitate imaging and photothermal destruction of malignancies (Huang et al., 2006; Sokolov et al., 2003) . We conjugated AuNPs to high-avidity ligands of three different membrane proteins of dorsal root ganglion (DRG) neurons and tested these conjugates for their ability to confer light-responsiveness to these cells. The investigated ligands included a synthetic molecule based on Ts1 neurotoxin from the venom of the Brazilian scorpion Tityus serrulatus, which binds voltage-gated sodium channels (Barhanin et al., 1982; Dang et al., 2014; Possani et al., 1977) ; antibodies targeting the TRPV1 ion channel; and antibodies targeting the P2X 3 receptor ion channel. The protein targets of all three of these ligands are known to be expressed in the membrane of DRG neurons (Hayes et al., 2000; Kostyuk et al., 1981; Xiang et al., 1998) . We found that each of these AuNP conjugates binds to cultured DRG neurons and enables optical triggering of action potentials with remarkable robustness at low AuNP concentrations while displaying significant resistance to washout. By contrast, unconjugated AuNPs required higher concentration to allow for optical stimulation and washed away immediately upon solution exchange. The fact that this technique works well with all tested ligands suggests that this strategy is quite general. By appropriate selection of nanoparticle geometry, as well as choice of attached ligand, this conjugation technique should allow for selective stimulation of many excitable cell types with wavelengths ranging from the visible to NIR. With further development, nanoparticle-based direct photostimulation could provide an alternative to optogenetic techniques in situations where genetic manipulation is impractical.
RESULTS

Non-Functionalized AuNPs Enable Photoexcitation but Wash Out Quickly
Our first experiment was to determine whether DRG neurons can be excited with visible light in the presence of 20 nm diameter AuNPs. DRG neurons were patch clamped in the whole-cell configuration and transiently exposed to a 532 nm laser pulse ( Figure 1A ). AuNPs were added via perfusion through one side of a theta capillary, and they were washed away by perfusion of fresh buffer through the other side of the capillary ( Figure 1B ). Cells were stimulated with 300 pA of depolarizing current to produce a control action potential and verify cellular excitability; 200 ms subsequent to the electrically stimulated action potential, a 174 mW laser pulse at 532 nm was delivered to the neuron for 1 ms. The laser was focused on the cell under study to produce an average irradiance of z31 kW/cm 2 ( Figure S1 ). In the absence of AuNPs, no response to the laser flash was observed, either in the form of depolarization or membrane damage (Figure 1C) . However, perfusion of 50 nM AuNPs onto the neurons rendered about 80% of tested cells (23 out of 29) sensitive to the laser pulse and an optically induced action potential was produced. This effect depended strongly on the AuNP concentration near the cell, and active perfusion of fresh buffer rapidly washed the particles out, abolishing their effect. A second addition of 50 nM AuNPs restored light sensitivity. The time course of the effect emphasizes that the non-functionalized AuNPs are removed from the cell surface within seconds of a perfusion wash ( Figure 1D ). Even without active washing, diffusion of AuNPs away from a cell is sufficient to abolish optical sensitivity within about 2 min ( Figure S1 ).
Ts1-Conjugated AuNPs Are Highly Resistant to Washing
We next attempted to induce AuNP localization to neuronal membranes by conjugating synthetic Ts1 to nanoparticles. Ts1, a neurotoxin that binds voltage-gated sodium channels without blocking them (Campos et al., 2007) , was biotinylated The cell is patch clamped in a wholecell configuration (pipette on the left), and both AuNP addition and perfusion washing are accomplished via the theta capillary on the right. Abbreviations are as follows: AOM, acousto-optic modulator; ND, neutral density filters; DIC, dichroic mirror; OBJ, microscope objective; AMP, amplifier; LPF, low-pass filter; ADC, analog-to-digital converter. Many parts of the diagram are not drawn to scale. (B) AuNPs were perfused over a patch-clamped DRG neuron through one side of a theta capillary. After a sufficient optical response is observed, fresh buffer is perfused over the cell from the other side of the capillary, washing away the AuNPs.
(C) Representative traces of current-clamped DRG cells firing action potentials in response to two different stimuli: a 300 pA, 1 ms current injection (left side, blue bars) and a 174 mW, 1 ms 532 nm laser pulse (right side, green bars). Initially, cells were responsive only to the electrical stimulus, but a bolus of AuNPs sensitized the cells to light. Washing removed enough AuNPs from the cell that the laser effect became insufficient to trigger an action potential. Optical excitability returned when a second bolus was added to the bath. (D) An active washing system demonstrates how the laser effect is dependent on AuNP concentration near the cell. Upon washing, the laser effect rapidly disappears within seconds. ''Peak response'' is the maximum voltage reached following a laser pulse. See also Figure S1 .
and conjugated to streptavidin-coated AuNPs ( Figure S2 and Supplemental Experimental Procedures). Upon application of this AuNP-Ts1 conjugate at 20 nM, a fraction of the cells tested (9 out of 21) became optically excitable with 1 ms laser pulses using powers as low as 126 mW, although 174 mW was a more reliable stimulus (Figures 2A and 2B ). Significantly, many of these DRG neurons stayed sensitive to the laser pulse and fired action potentials for approximately 30 min under continuous perfusion wash ( Figure 2C ). The fact that the AuNP-Ts1 conjugate did not show equivalent activity in all tested cells and that it worked in a significantly lower fraction of cells as compared to non-functionalized AuNPs (p = 0.016, Fisher's exact test) is expected given the variable expression profiles of sodium channel types among different DRG neurons (see Discussion) . Additionally, during these experiments, the neurons could be stimulated many times by the same 1 ms duration pulses of light without any indication of cell membrane damage or failure of the nanoparticle-cell linkage. These data suggest that the Ts1 promoted a close association of the AuNP with the neuronal membrane for the duration of the experiment. Importantly, under current clamp, the laser-induced membrane depolarization magnitude was proportional to laser power until the threshold potential was reached, at which point an action potential fired ( Figure 2D ). Furthermore, under voltage clamp, the membrane currents induced by the laser pulse were linearly modulated by laser power at a constant voltage ( Figure S3) . Similarly, at a constant laser power, DRG neurons treated with AuNP-Ts1 showed optically induced currents with a linear dependence on membrane potential and a reversal potential near 0 mV ( Figure S3 ). Together, these data show that the neurons are efficiently bound by the AuNP-Ts1 conjugate and that this link is well behaved and stable over long periods. One practical consideration with thermal stimulation methods is the risk of off-target or damaging effects from the temperature increase. Accordingly, minimizing temperature changes in a neuron's surrounding environment is probably advantageous as long as the neuron itself remains optically excitable. To investigate this, we measured the bath temperature z2 mm away from the stimulated neuron using a micropipette (see Experimental Procedures). As expected, when no nanoparticles were present, no increase in temperature was observed; when AuNP-Ts1s were bound to the neuron and an optically-induced action potential was present, a small temperature change was detected ( Figure 2E ). Importantly, strong binding of the nanoparticles to the target neuron allowed temperature changes in the cellular environment to be minimized. When 20 nM AuNP-Ts1 was initially present in the bath (similar to what is required with non-functionalized AuNPs), the temperature at the micropipette tip increased by more than 9 C in response to the laser flash (Figure 2F) . After the excess AuNP-Ts1s were washed away, leaving only AuNP-Ts1s that were tightly attached to the neuron, the laser-induced elevation of temperature was only 1.5 C, representing more than an 80% decrease in temperature change (Figure 2F) . This suggests that specific binding of AuNPs to target cells may allow for the safer use of nanoparticles with in vivo systems.
Functionalized AuNPs Allow for Repetitive Stimulation without Evidence of Cellular Damage
A question of central interest is whether there is an intrinsic limitation on the frequency of stimulation when using AuNPs, perhaps due to temperature buildup or some other effect. This issue is complicated by the fact that DRG neurons are a heterogeneous population with widely varying maximum firing frequencies; DRG somas have maximum firing frequencies from as low as 3 Hz to above 150 Hz depending on the DRG cell type (Waddell and Lawson, 1990) . To explore this, we treated DRG neurons with AuNP-Ts1 and stimulated them with trains of laser pulses. In our studies, the maximum firing rate we were able to observe was 40 Hz. In this case, a series of 1 ms laser pulses delivered at 40 Hz for a total of 3 s stimulated an action potential with every stimulus, whereas a similar train at 50 Hz did not ( Figure 3A) . In other cells, we observed maximum firing frequencies as low as 15 Hz. An important distinction, then, is whether this maximum rate was limited by some property of the optical stimulus or whether we were simply observing the intrinsic maximum firing rate of the neuron. To address this, we compared a cell's maximum firing rate when stimulated optically versus when stimulated with an electrical current injection (Figure 3B) . Optical and electrical stimuli of similar magnitudes (as measured by the rate of change of membrane potential during the respective stimuli) and equivalent 1 ms durations produced similar responses from the cell, as both trains stimulated action potential responses to about one-third of the stimuli. We therefore conclude that in this case, the observed firing frequency was limited by the intrinsic properties of the neuron and was not a characteristic of stimulation with AuNPs. To corroborate this point, we tested the effect of the laser stimulus under voltage clamp at À100 mV ( Figure 3C ). At this membrane potential, neuronal channel activity is virtually eliminated and the laserinduced capacitive currents can be observed without confounding ion channel activity. We observed that the induced currents produced by laser pulses at 200 Hz are of similar magnitude to those produced by 40 Hz laser pulses and have no apparent abnormalities. This provides further evidence that the observed maximum action potential firing rate of 40 Hz is unrelated to the optical stimulation and indicates that optical excitation with AuNPs may be possible at much higher frequencies in other neuron types.
An important concern with this technique is whether stimulation mediated by AuNPs is harmful to a cell. While a single stimulus can kill a cell if excessive laser power is used (likely due to overheating), this does not seem to be a concern at lower power levels suitable for producing excitation. During this study of repetitive stimulation, some cells were optically stimulated to produce more than three thousand action potentials with no evidence of toxicity or cellular damage induced by the particles or the optical stimulation. Furthermore, over the course of these thousands of stimuli, there was no detected decrease in optical excitability. Cells that initially showed good responses to optical stimuli continued to fire action potentials in response to laser A comparable train with a pulse frequency of 50 Hz, however, shows some stimuli failing to trigger action potentials toward the end of the pulse train. Following a ''miss,'' the subsequent action potential has increased amplitude due to decreased levels of both sodium channel inactivation and residual potassium channel conduction (bottom trace). (B) Trains of 1 ms optical stimuli (top trace) and electrical stimuli (bottom trace) produce similar results, with the cell missing a similar number of stimuli in each case. This suggests that the maximum firing rate we observe is a function of the cell itself and not due to the optical stimulation technique. (C) Under voltage clamp, the capacitive currents observed as a result of a laser pulse appear virtually identical at 40 Hz (top trace) and 200 Hz (bottom trace). This implies that AuNP-mediated photostimulation may be viable at frequencies well beyond 40 Hz. pulses until the patch seal failed. While these observations provide evidence against acute forms of toxicity at typical power levels, they do not rule out a chronic effect occurring over hours, days, months, or longer. Further investigations would need to be performed before AuNP stimulation is used for long-term studies.
AuNP-Ts1 Allows Optical Stimulation of Hippocampal Brain Slices and Electrode-free Investigation of Activity
The above results, which demonstrate the utility of AuNPs for stimulating isolated DRG neurons in culture, led to the question whether similar AuNP-based optical stimulation is feasible in a complex neurological tissue. For this further test, we employed an all-optical method that avoided the need for electrodes of any kind. The experiments utilized acute slices of mouse hippocampus, a commonly used ex vivo brain tissue preparation (Biscoe and Duchen, 1985) . To provide optical stimulation, we injected a small bolus of AuNP-Ts1 into the CA1 region of the hippocampal slice ( Figure 4A ). Afterward, the entire slice was perfused with the voltage-sensitive infrared dye indocyanine green (ICG) (Treger et al., 2014) . We chose this dye because both its absorption and emission occur in the NIR spectrum and its fluorescence thus has excellent tissue penetration. For the experiment, ICG fluorescence was continuously monitored in the infrared while a short pulse of 532 nm light was delivered to the nanoparticles. A clear, transient reduction in ICG fluorescence can be seen in response to a 225 mW, 10 ms optical stimulus ( Figure 4B ). As ICG shows a decreasing fluorescence with increasing membrane potential, this signal implies cellular depolarization, as expected. The brain slices required a significantly stronger optical stimulus compared to cultured DRG neurons. This is likely due to the fact that the spot size of the 532 nm laser was much larger in the brain slice setup (due to a lower numerical aperture objective and scattering in the tissue), thus reducing the power density of the spot. In addition to simple depolarization, paired-pulse facilitation was observed in response to closely spaced stimuli ( Figure S4 ). Finally, this technique allows for spatial maps of neural activity to be constructed. Figure 4C shows a visual time course of neural activity. Immediately following the stimulus, significant depolarization predominates in the region of observation. Over time, this evolves toward a mixture of small, localized regions of depolarization and hyperpolarization that average out to the baseline level of activity. These data show that combining AuNPs with a voltage-sensitive dye such as ICG can allow for neurological studies in complex tissues without the physical restrictions associated with electrodes.
Antibodies Can Be Used to Bind AuNPs to Target Cells Although Ts1 proved capable of binding AuNPs to DRG neurons, we next pursued a more general strategy for linking AuNPs to a target of interest by using antibodies as the AuNP-anchoring molecules. For the case of DRG neurons, we chose TRPV1 and the P2X 3 receptor as antibody targets since these proteins are more highly expressed in neurons than in glia. Antibodies to these two targets (TRPV1ab and P2X 3 ab, respectively) were chemically biotinylated (see Supplemental Experimental Procedures) and incubated with DRG cells overnight. After multiple buffer exchanges the next day, recording began. As expected, the neurons were insensitive to light before streptavidin-functionalized AuNPs (AuNP-SAs) were present, whereas exposure to AuNP-SAs rapidly sensitized both TRPV1ab-and P2X 3 ablabeled cells to 126 mW, 1 ms optical stimuli ( Figures 5A and 5B). As with AuNP-Ts1, not all neurons treated with AuNP-SAs became sensitive to optical stimuli (11 out of 19), likely due to variable expression of the target membrane proteins (see Discussion). Antibody-labeled neurons that became sensitized to laser pulses retained this sensitivity for more than 20 min under continuous convective washing ( Figures 5C and 5D) . Thus, the AuNPs were tightly linked to DRG cells by the antibodies. Despite the workability of the biotinylated antibodies as AuNPanchoring molecules, they require either chemical biotinylation of primary antibodies or the purchase of biotinylated primary antibodies, which must often be custom-ordered at higher cost. Since it is often more convenient to use unmodified primary antibodies, we investigated the alternative AuNP binding strategy of using AuNPs functionalized with secondary antibodies (AuNP-2ab). We first incubated DRG neurons overnight with unmodified TRPV1ab or P2X 3 ab antibodies. As before, we washed the cells extensively the next day prior to recording. Once again, no optical excitability was detected before application of the nanoparticles ( Figures 6A and 6B) . Addition of AuNP-2abs to the cells quickly conferred sensitivity to the 126 mW, 1 ms laser pulses to a fraction of the tested cells (9 out of 15), and this photosensitivity remained resistant to washout ( Figures 6C and  6D ). AuNP-2abs bound to unmodified primary antibodies performed similarly to AuNP-SAs bound to biotinylated primary antibodies in terms of ability to sensitize neurons to light. In future applications, the choice of which to use would likely depend on convenience for, or specific requirements of, the intended application.
A third labeling strategy attempted with the antibodies was to pre-mix biotinylated TRPV1ab or biotinylated P2X 3 ab with AuNP-SA to produce AuNP-antibody conjugates (AuNPTRPV1ab and AuNP-P2X 3 ab); we then applied these pre-formed conjugates to the neurons. Both AuNP-TRPV1ab and AuNP-P2X 3 ab at concentrations of 20 nM rendered neurons light sensitive ( Figures S5 and S6) . Furthermore, both AuNP-TRPV1ab and AuNP-P2X 3 ab were highly efficient; only 48 mW of light delivered to the neuron for 1 ms was sufficient to reliably produce action potentials with these pre-formed conjugates, whereas this power was never sufficient to trigger action potentials using the other AuNP preparations. However, presumably as a consequence of this high efficiency of light energy collection, the AuNP-antibody (AuNP-ab) conjugates mediated thermal damage of the neurons, likely because they formed large clusters (see Discussion). Following a laser pulse, an abnormal and persistent membrane depolarization indicating cell damage was frequently observed following the action potential, along with loss of excitability. In most cases, the resting potential spontaneously recovered and excitability returned after several seconds ( Figures S5 and S6) . Although the improved optical sensitivity of the neurons might be advantageous for some applications, the increased propensity for cellular damage may well be limiting in other circumstances.
AuNP-Based Optical Excitability Is due to Heat-Induced Changes in Membrane Capacitance
A mechanism has been described whereby a rapidly delivered pulse of heat directly depolarizes cell membranes by transiently changing their capacitances (Shapiro et al., 2012) , which was the basis of our working hypothesis when using AuNPs. As noted above, AuNPs absorb 532 nm light and convert this energy into heat. Accordingly, we hypothesized that the light sensitivity in cells treated with AuNPs is intrinsically related to the membrane and does not involve temperature sensitivity of any membrane proteins. To investigate this mechanism, we tested the effects of AuNP treatment on light-induced electrophysiological properties of horizontal planar membranes composed of asolectin. Under voltage clamp, and following delivery of AuNPs to the upper surface of the bilayer, laser pulses as short as 0.1 ms induced currents that were similar to those produced in the neurons. The current amplitudes did not increase linearly with pulse duration; rather, they reached a saturating value with 0.5 ms and longer laser pulses ( Figure 7A ). These currents varied roughly linearly with laser power ( Figure 7B ). In addition, the currents were negative at negative voltages, changed polarity when the voltage was close to 0 mV, and were positive at positive voltages with a linear current-voltage relationship ( Figure 7C ). Temperatures measured near the membrane transiently rose in response to a laser pulse before slowly returning to baseline ( Figure 7D ). However, the measured temperatures continued to rise for several milliseconds following the end of a laser pulse, which was interesting and unexpected. Capacitances of the membranes were measured by applying a sinusoidal voltage to the system and calculating the resulting impedance (Supplemental Experimental Procedures). We found that the capacitance rapidly increased during a laser pulse and decreased much more slowly after the pulse was turned off ( Figure 7E ). The time constant of the decrease in capacitance following the end of a laser pulse was 10.2 ms with a 1 ms laser pulse ( Figure 7F ), considerably faster than was observed with direct IR heating (Shapiro et al., 2012) , but still slow enough that it did not produce a significant dC/dt, which is necessary to induce a capacitive current. The dynamics of capacitance change largely reflected the observed temperature changes in the system, and both behaved somewhat nonlinearly with respect to pulse duration.
To help us understand the counterintuitive temperature observation, as well as interpret our broader results in the context of the hypothesized mechanism, we mathematically modeled a system of membrane-associated gold nanoparticles in response to incident laser pulses. The diffusion of heat from the nanoparticles to the membrane was solved for different nanoparticle geometries, and the effects of the resulting temperature changes were calculated ( Figure S7 , Supplemental Experimental Procedures). The results from the model were broadly in line with our experimental results and clarified some features of the system. For example, the above-noted continued rise in temperature after the end of the laser pulse appears to reflect the inability to place the temperature-measuring micropipette as close to the bilayer as is possible with DRG neurons, due to the geometry and optics of the bilayer system. This increased distance from the membrane caused a time lag in our observations as heat from the AuNPs required several milliseconds to diffuse to our measurement location ( Figure S8 ). This lag also manifested as a slowed onset of temperature increase following a laser pulse; as expected, this delay was not present in the capacitance measurements, as those were recorded directly in the lipid membrane. An additional benefit of the model is that it allows a rough calculation of the amount of capacitive current generated by a single nanoparticle in response to a given laser pulse. Based on our calculations of the number of particles adhered to a DRG neuron combined with the total current produced by the particles, we find that a single particle under an irradiance of 18 kW/cm 2 produces approximately 0.75 pA of current. The depolarization produced by such a current will depend on the membrane capacitance of the cell under consideration.
DISCUSSION
In this work, we first showed that neurons can be stimulated with visible light in the presence of 20 nm spherical AuNPs. This was expected as neuronal stimulation has been previously shown with NIR wavelengths (Eom et al., 2014; Yong et al., 2014) . While visible light has poorer tissue penetrance than NIR light (Bashkatov et al., 2005) , it may be advantageous in applications such as vision restoration in diseased retina (see below). Importantly, the present experiments also demonstrate certain shortcomings of unmodified AuNPs for optical excitation. In particular, they must be present at relatively high concentrations to be effective, and they are easily washed away from the target neurons in a few seconds with convective solution exchange.
To overcome these limitations, we employed a strategy of conjugating the AuNPs to molecules that bind neuronal membrane proteins with high avidity as a strategy to place the AuNPs close to the neuronal membrane and avoid diffusion of the nanoparticles away from the neuron. These molecules included the scorpion toxin Ts1, which targets voltage-gated sodium channels, and antibodies that target TRPV1 and P2X 3 ion channels expressed by DRG neurons. Remarkably, all of these ligands substantially facilitated binding of the AuNPs to the target neurons without impeding their excitatory capability. It is important to note that all three ligands tested showed activity in only a fraction of cells (29 out of 55, pooled together), whereas non-functionalized AuNPs worked in the large majority of cells (23 out of 29). This difference is statistically significant at a = 0.05 (p = 0.0195, Fisher's exact test) and is expected because DRG neurons are a highly diverse collection of cells representing the majority of somatosensory phenotypes in the body (Omri and Meiri, 1990) . Cells of different sensory specialization can express very different profiles of membrane receptors, a fact that motivated this study and our approach to cell targeting. For example, TRPV1 is classically associated with thermosensitive neurons, while P2X 3 receptors are usually associated with nociceptive neurons (Burnstock, 2000; Greffrath et al., 2003) . Neurons of different phenotypes thus can exhibit markedly different levels of expression of these channels; in cells with low expression, AuNP binding would probably be insufficient to produce optical sensitivity with the laser powers used in this study. In contrast, non-functionalized nanoparticles were used at high concentration and without washing them out, allowing them to stimulate most excitable cells regardless of their expression profiles. Although ligand-functionalized nanoparticles did not readily attach to all neurons, when the nanoparticles did bind to a cell they were highly resistant to washout. Neurons treated with AuNP-Ts1 remained optically sensitized after more than 30 min of continuous convective solution exchange, and antibody-conjugated nanoparticles performed similarly. Importantly, even when AuNPs are bound to membrane ion channels such as TRPV1, their effect is independent of the activity of the channel. Specifically, they depolarize the membrane by directly changing membrane capacitance rather than by opening the ion channels to which they are ligated. This allows for much faster depolarization than in other strategies where nanoparticle heating leads to opening of temperature-sensitive ion channels (Stanley et al., 2012) . The rapid depolarization enabled by the present technique involving membrane capacitance change is critical for temporally precise stimulation of neuronal activity. Finally, tight binding of nanoparticles to the target neuron allowed for minimization of off-target environmental heating once excess particles were removed. These properties are likely to be of significant benefit in vivo, where concentrations of exogenous molecules must be limited to avoid toxicity and where interstitial fluids are constantly being circulated. Additionally, given that all of the investigated molecules conjugated with AuNPs enabled robust photostimulation, it is likely that other AuNP-anchoring biological ligands can be used to preferentially target different classes of excitable cells. Although this work exclusively utilized 20 nm spherical gold nanoparticles with their associated absorption peak at 523 nm, this excitation regime may not be ideal for all purposes. For instance, stimulation with NIR light around 800 nm may be optimal for many in vivo applications due to its high tissue penetrance and much lower absorption by hemoglobin as compared to 532 nm light. Fortunately, a variety of different sizes and shapes of nanoparticles are commercially available, possessing plasmon band absorption peaks ranging from around 500 nm to more than 2 mm. The chemical functionalizations described here should be readily applicable to this array of nanoparticles, allowing optical stimulation with the wavelength best-suited to a specific application.
A particularly interesting phenomenon observed in these experiments is that the efficiency of photostimulation with AuNP-antibody conjugates exhibits a striking dependence on the labeling method. When the AuNP-streptavidin is mixed with biotinylated antibodies prior to incubation with neurons, the cells are much more strongly excited (often to the point of damage) than when the neurons are incubated with primary antibodies, washed with buffer, and then incubated with the functionalized AuNPs. The likely cause of both the improved excitation efficiency and the increased propensity for damage with the pre-mixed AuNP-antibodies is the formation of large AuNP clusters. In the case of AuNP-Ts1, a single toxin molecule can bind only one AuNP, so multiple nanoparticles cannot link together. In contrast, the biotinylation process probably attaches multiple biotin molecules at various sites to each antibody (Supplemental Experimental Procedures), while the nanoparticles have an average of nine streptavidin molecules per AuNP. This presumably allows for the formation of arbitrarily large branching complexes via multiple streptavidin-biotin reactions. Thus, a single reaction linking an antibody to its epitope on a neuron could potentially adhere many cross-linked nanoparticles to the neuron at a single location. Conversely, when the biotinylated antibodies and nanoparticles are applied sequentially, they cannot form clusters since they are not present in solution at the same time. The presence of large clusters is expected to greatly increase the number of AuNPs bound to a given neuron, thus increasing the heat generated in the cell's immediate environment by a given incident optical power. While the increased tendency for cellular damage associated with these cross-linked AuNP structures makes their use questionable for neuronal stimulation, they may find utility in applications such as targeted cell ablation or cancer photothermal therapy where induction of cell death is the objective (Kennedy et al., 2011) .
Our results obtained with planar lipid bilayers revealed that laser-induced heating of a lipid bilayer produces changes in bilayer capacitance. These changes drive currents that, in a cellular environment, would alter the transmembrane potential. This process occurred in the absence of any membrane proteins, indicating that ion channels and other membrane proteins are not necessary for the mechanism of neuronal stimulation via AuNPs. As expected when we conceived these experiments, this process is qualitatively similar to the method of direct heating with an IR laser (Shapiro et al., 2012) . However, the cooling kinetics observed here after a laser pulse are faster by an order of magnitude or more. This disparity can be explained by the fact that the IR laser pulse is absorbed by a relatively large solution volume; the large excitation volume generates a large amount of heat, and dissipation of this heat requires a relatively long diffusion distance. AuNPs, by contrast, heat only their immediate environment, and the smaller total heat generation results in a shortened diffusion path length for cooling. Importantly, these experiments demonstrated that the size of the depolarizing current depends on the rate of change of temperature (i.e., the derivative), not on the temperature itself. This means that sizeable depolarizations can be obtained without raising the temperature to damaging levels by heating a cell quickly while keeping the duration of heating very short.
The present approach, employing a cell-targeting anchor to intimately localize the AuNP photosensor at the membrane for photothermal cell activation, represents a potentially widely applicable advance in the technology of neuronal optical stimulation. This work has potential applications in at least two distinct fields. First, it could be used as an alternative to optogenetics in fundamental research. Functionalized AuNPs allow for high-avidity binding and stimulation of neurons without damaging the cells. Furthermore, nanoparticles present potential advantages versus optogenetics. The use of functionalized AuNPs does not require transfection or genetic modification of the organisms or tissues of interest. This makes the AuNP technique particularly suitable for use in species in which genetic manipulation is less well-developed or in which the cells/tissue/organism under study cannot survive over an extended transfection period. As in the cases of pharmacological approaches for establishing light sensitivity of native, unmodified ion channels (Lester et al., 1980; Mourot et al., 2013; Yue et al., 2012) , the period required for inducing light sensitivity with cell-targeted AuNP conjugates is essentially that needed for access of the administered conjugates to the cells (for in vitro preparations as in the present study, as little as several minutes). Despite these advantages, nanoparticles also have important limitations compared to optogenetics. In addition to stimulation, optogenetics can provide neuronal inhibition and optical readouts of neuronal activity via expression of molecules such as halorhodopsins and voltage-sensitive fluorescent proteins (Akemann et al., 2012; Zhang et al., 2007) . Nanoparticles, to our knowledge, are strictly limited to stimulation as inhibition would require an optically induced cooling effect, which seems unlikely. Furthermore, unlike the essentially permanent expression of light-sensitive proteins induced by optogenetic modification of cells, the clearance and/or degradation of delivered AuNP conjugates probably limit the lifetime of cell photosensitivity induced by AuNP treatment; thus, for longterm study, AuNP-based methods would probably require repeat treatment. Another potential limitation of nanoparticles is their broad (and in the case of non-spherical particles, multiple) peaks of plasmon absorption. This may limit the ability to independently excite multiple cell types using different wavelengths, a technique that is possible with optogenetics (Prigge et al., 2012) .
A second field of possible application of AuNP-enabled neuronal photostimulation is that of human therapeutics. One therapeutic goal that may be addressable via AuNP treatment is the enabling of direct photostimulation of retinal ganglion cells (RGCs) in patients who suffer from photoreceptor degenerative diseases, such as age-related macular degeneration or retinitis pigmentosa. RGCs are ''retinal output'' neurons that, in the healthy retina, transmit action potentials to the brain that encode visual signals initiated by the retina's rod and cone photoreceptors. There is ample evidence that, in many instances of advanced-stage photoreceptor degenerative diseases, RGCs remain healthy despite the deterioration and loss of the native rods and cones (Margolis et al., 2008; Mazzoni et al., 2008; Medeiros and Curcio, 2001) . In this situation, functionalized AuNPs similar to those used in the present study could be injected into the eye where they would bind to the RGCs, allowing light entering the eye to directly excite the RGCs and thus bypass the inoperative photoreceptors. The critical importance of achieving vision repair in photoreceptor degenerative diseases is motivating approaches that currently include opto-electronic, optogenetic, pharmacological, and other strategies to engineer light sensitivity of RGCs or other retinal neurons (Bharti et al., 2014; Bi et al., 2006; Caporale et al., 2011; Chader et al., 2009; Greenberg et al., 2011; Lagali et al., 2008; Polosukhina et al., 2012; Theogarajan, 2012) . The present experimental findings with conjugated AuNPs open a new avenue that may benefit progress toward this important objective.
EXPERIMENTAL PROCEDURES
DRG cells were cultured from neonatal rats and used 1 to 7 days thereafter (see Supplemental Experimental Procedures for more details on this and all other procedures). For experiments where antibodies were used to link AuNPs to neurons, the primary antibodies (TRPV1ab and P2X 3 ab) were added to the neuron cell culture medium and kept overnight in the incubator. Experiments were performed the next day, and AuNP-SA or AuNP-2ab was added during the experiment as shown in the data. For DRG neurons under current clamp, current injections were always 1 ms in duration and varied in amplitude from 300 pA to 700 pA based on what level was necessary to produce robust stimulation in a given cell. Similarly, laser pulses in DRG neurons were also always 1 ms in duration and power was varied as described in our results. All DRG experiments were performed using a 403 microscope objective lens to focus the laser onto the cells. Hippocampal slices were harvested from adult mice and immediately stored in artificial cerebrospinal fluid (aCSF) bubbled with carbogen. Immediately before use, a slice was injected with a mixture of 20 nM AuNP-Ts1 and a fluorescent dye (to allow the injection site to be visualized). The slices were then immersed in a perfusion chamber and stained with ICG dissolved in aCSF for 5 min. Finally, perfusion of carbogen-bubbled aCSF was turned on to clear away excess ICG and keep the tissue oxygenated. ICG was imaged using 780 nm excitation through a 203 objective in epifluorescence configuration through the glass floor of the perfusion chamber. Optical stimulation was performed through a 323 objective mounted above the prep. Planar lipid bilayers were formed from asolectin in a horizontal hole 300 mm in diameter. Due to the geometry of the bilayer chamber, we were unable to use the same microscope objective as with the DRG neurons. Instead, a 103 objective was used. This results in a lower degree of focusing of the laser, and thus laser powers are not directly comparable between the two systems. Temperatures were measured by monitoring changes in resistance of calibrated micropipettes (Yao et al., 2009 ). Capacitances of planar bilayers were monitored by applying sinusoidal command voltages and observing the resulting sinusoidal currents. The impedance of the system is largely determined by the capacitance of the bilayer for high-frequency inputs. The command signal used in this work had a frequency of 5 kHz. Data analysis, mathematical modeling, and chemical syntheses are described in detail in the Supplemental Experimental Procedures. All animal protocols used in this work were approved by the University of Chicago Animal Care and Use Committee.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures and eight figures and can be found with this article online at http://dx.doi. org/10.1016/j.neuron.2015.02.033. 
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